Introduction
Gallbladder motility and absorptive functions are regulated by circulating hormones such as cholecystokinin (CCK), secretin, gastrin, and pancreatic polypeptide (PP) (Ryan, 1987) . Intramural ganglionated plexuses have been reported in the gallbladder of the guinea pig (Cai and Gabella, 1983; Mawe and Gershon, 1989) , the cat (Baumgarten et al., 1969) , and the monkey (Sutherland, 1966 (Sutherland, , 1967 . Histochemical and immunohistochemical studies (Cai and Gabella, 1983; Gonda et al., 1989a) have revealed ganglionated plexuses in the serosa, paravascular plexuses around the blood vessels, and mucosal plexuses in the lamina propria. However, few if any intramuscular nerves have been visualized by acetylcholinesterase staining and cate cholamine fluorescence, hence it was suggested that the intrinsic neurons in the gallbladder are not involved in smooth muscle motility control, but rather the secretion or absorption of bile or neuromodulation of hormonal input.
Recent advances in scanning electron microscopic methodology have made it possible to remove connective tissue to permit visualization of the internal structure of tissues. These include the HC1-collagenase method for aldehyde-fixed tissue (Evan et al., 1976) , the KOH collagenase method (Miller et al., 1982) , and enzymatic digestion prior to fixation followed by the HC1-collagenase method (Uehara and Suyama, 1978) .
The present study was designed to examine the three-dimensional arrangement of nerves in the wall of the gallbladder. We invented a new methodology using a pre-acetylcholinester ase (AChE) reaction intensified with silver and gold followed by digestion with HC1-collagenase. (Gonda et al., 1989b) .
AChE staining and silver and gold intensification procedures.
1. The muscle and mucosal layer specimens were incubated in AChE staining medium, modified according to Karnovsky and Roots (1964) . The incubation medium comprised 60mM acetate buffer (pH 5.6), 15mM sodium citrate, 3mM cupric sulphate, 0.5mM potassium fer ricyanide, 2mM acetylthiocholine iodide, 0.2% Triton X-100, and 4mM iso-OMPA as an inhibitor of nonspecific cholinesterase. Specimens were incubated for 2-8 hours at room temperature.
2. After staining for AChE, specimens were processed for silver and gold intensification according to Hedreen et al. (1985) . Brielfy, specimens were washed in five changes of PBS (2 3min each) and treated with 1% ammonium sulfide solution for 1min. This was followed by five changes of 0.1M sodium nitrate (1min each).
3. Specimens were then exposed to 0.1% silver nitrate for 1min followed by five changes of 0.1M sodium nitrate (1min each).
4. Reacted specimens were rinsed in PBS, and incubated in 0.01-0.05% gold chloride solution.
5. Specimens were rinsed in PBS, then mounted with glycerin onto glass slides, examined and photographed under a light microscope.
Preparation of sample for scanning electron microscopy (SEM) collagen fiber bundles (25kV, Fig. 1A ). Specimens without pre-AChE reaction, but with HCl collagen digestion showed only a few nerve fiber-like structure without bright reflection image (25kV, Fig. 1B ). With specimens intensified with silver and gold, AChE-positive nerve fibers were easily indentified by their bright reflection image at a high accelerating voltage (25kV, Fig. 1C ), while they were not outstanding at 5kV (Fig. 1D) . there were fewer ganglionated plexuses in the dorsal wall of the gallbladder than in the ventral wall, with fewer interconnections. The ganglia contained up to 5-8 neurons, and most of the neuronal cell bodies showed AChE positive reaction, but its intensity varied from each others.
The shape of ganglia were various. Some ganglia situated in the course of a nerve bundle were ovoidal, while others at the intersection of nerve bundles were triangular (Fig. 2) . Most ganglia and nerve fiber networks were situated in the subserosal layer. Only a few ganglia were seen between the muscular and mucosal layers. Tertiary or even finer nerve plexuses were sparse and nerve fibers associated into a plexus were not obvious (Figs. 2A, C) . In the muscular layer, there were a few nerve fibers derived from the ganglionated plexuses in subserosa. These fine nerve fibers followed the direction of the muscle bundle (Fig. 3A ).
There were dense mucosal nerve plexuses in the lamina propria between the muscular and mucosal layers. Only a few ganglia interposed this mucosal nerve plexuses (Fig. 4A) . The nerve fibers of this mucosal plexuses were tapering and closely associated with epithelial cells.
Strong para-and peri-vascular innervation was seen around the cystic artery and its branches in the subserosa and in the mucosal lamina propria (Fig. 5A ). These para and per vascular plexuses had no ganglia in it and there were numerous connections between the paravascular plexuses and the ganglionated plexuses. 
SEM observations of gallbladder
After HCl-collagenase digestion, the ganglionated and mucosal plexuses were visible under the scanning electron microscope. The ganglionated plexuses were mainly observed in the subserosal space. Ganglia situated at the intersections of nerve bundles were triangular, while those situated in the course of a nerve bundle were ovoidal (Figs. 2B, D) . Individual neuronal cells in the ganglia were not distinguishable due to the presence of intervening enteroglial cells and perineural membrane that had not been removed.
A few intramuscular nerve fibers were observed near the cervical portion, particularly adjacent to the mucosal layer. These fibers were divided into several branches, and showed varicosity-like bulging near individual smooth muscle cells (Fig. 3B) . Several interstitial fibroblast-like cells were also seen beneath the smooth muscle cells.
Many meshwork of mucosal nerve plexuses were observed in the lamina propria. Their branched bundles of tapering nerve fibers repeatedly anastomosed to form extensive three dimensional networks. Some of the nerve fiber terminals finally closely apposed to the epithelial cells as varicosity-like bulges (Figs. 4B) .
The dense nerve plexus seen around the cystic artery and its branches was composed of para and perivascular nerve fibers (Fig. 5B) . Paravascular fibers were thick bundles that ran alongside the cystic artery, while the perivascular fibers were closely apposed to the smooth muscle layer of the cystic artery.
Discussion
Our SEM study revealed the three-dimensional architecture of the nerves in the gallbladder wall of the guinea pig and those data are schematically summarized in Fig. 6 . We used the pre-AChE staining and secondary HCl-collagenase digestion methods which offer the advan Fig. 6 . Diagrammatic representation of intramural plexuses in the guinea-pig gallbladder. AChE-positive ganglionated plexuses are mainly situated in the subserosal space. There are many AChE-positive nerve terminals in the lamina propria and around the blood vessels, but fewer in the smooth muscle layer. tages of:(1) the optimal evaluation of the time required for HCl hydrolysis-collagenase digestion which is easily determined by examining AChE-positive structures under a dissecting microscope.
(2) AChE-positive nerve fibers are easily identified from remaining connective tissues or blood vessels because of the strong reflection image of silver and gold intensification under SEM. Our method of AChE staining followed by silver and gold intensification is a modification of that of Albrecht et al. (1989) . They examined colloidal gold-labeled platelet microtubules with the scanning electron microscope at high and low accelerating voltages.
They proposed that at higher accelerating voltages, increased penetration of the primary electrons and the superior secondary electron emission characteristics of gold result in a higher contrast between the biological material and the gold. Interstitial cells also show occasional nonspecific precipitations of silver and gold, and are strongly imaged. As Komuro (1989) reported, their characteristic stellate structure with many their processes, they could be easily differentiated from nervous tissue.
Intramural ganglionated plexuses in gallbladder were closely resembling the submucosal plexus of the small intestine.
As Yoshida at al. (1988) reported, AChE-positive ganglia were more numerous on the ventral than the dorsal wall. In the guinea pig, the dorsal surface is attached to the liver, limiting motility in this areas.
This limitation may correlate with the difference in neuronal density. Nerve fibers in the paravascular nerve bundles did not show the varicose-like structure or close apposition to arterial smooth muscles, while the perivascular nerves which are highly varicose and in close contact to arterial smooth muscles. These perivascular nerves may presumably regulate blood flow. The physiological regulation of both motor and absorptive functions of the gallbladder is known to be dependent on circulating hormones, such as cholecystokinin (CCK), secretin, gastrin, and pancreatic polypeptide (Ryan, 1987) . Despite this responsiveness of the gallblad der to endocrine factors, many authors (Sutherland, 1966 (Sutherland, , 1967 Cai and Gabella, 1983; Mawe and Gershon, 1989; Yoshida et al., 1986; Gonda et al., 1989) have reported the presence of ganglionated plexuses and nerve fibers. The presence of intrinsic ganglia as well as plexuses of terminal axons in proximity to the epithelium, blood vessels and smooth muscle suggests that, in addition to hormones, neuronal elements also play a role in the absorptive, secretory and motor activity of the gallbladder. Yamamura et al. (1986) and Hanyu et al. (1990) have suggested that CCK may stimulate contraction by a more complex mechanism i.e. by a hormono-neuronal actions. Brotschi et al. (1990) also reported that CCK applied to the gallbaldder lumen evoked contraction in a dose-dependent mechanism; this effect was entirely blocked by atropine or tetrodotoxin.
The many terminal axons showing AChE positive reaction in the subepithelial layer in our study may evidence this hormononeural pathway.
Recently, Mawe and Gershon (1989) 
